Nickel catalysis has recently emerged as an important addition to the suite of transition metal-catalysed C-H bond functionalization methods. Here we report density functional theory calculations to elucidate the mechanism of Ni(II)-catalysed C-H arylation with a diaryliodonium salt or a phenyliodide. The effect of the choice of oxidant on the order of oxidative addition and C-H bond cleavage is investigated. When the active catalyst is oxidized by the diaryliodonium salt oxidant, C-H bond cleavage occurs to give an alkyl-aryl-Ni (IV) species. Conversely, the relatively weak oxidant phenyliodide leads to an alternative reaction sequence. The active catalyst first undergoes C-H bond cleavage, followed by oxidative addition of the phenyliodide to give a Ni(IV) species. Frontier molecular orbital analysis demonstrates that the reaction sequence of oxidative addition and C-H bond cleavage is determined by the unoccupied C aryl -I bond antibonding orbital level of the oxidant.
O ver the past few decades, transition-metal-catalysed C-H bond functionalization reactions have been widely used in synthetic chemistry to construct C-C and C-heteroatom bonds [1] [2] [3] [4] [5] [6] . Despite the great advances in this field, a large number of transformations are yet to be discovered and some inherent limitations remain, such as the limited range of compatible substrates and the C-H bond functionalization site selectivity. It is noteworthy that transition-metal catalysts, such as palladium 7, 8 , rhodium [9] [10] [11] , ruthenium 12, 13 and nickel [14] [15] [16] [17] catalysts, are critical for many of these transformations, and they often exhibit remarkable reactivity. Among these transition-metal catalysts, nickel complexes are often more sustainable and economical than palladium, rhodium and ruthenium complexes 18, 19 . Furthermore, the bond dissociation energies of C-Ni bonds are usually lower than those of C-Pd bonds, which provides the opportunity to develop sequential C-Ni bond functionalization processes for the construction of C-C or C-X bonds 5, [20] [21] [22] [23] .
In 2011, Chatani and co-workers reported the first Ni-catalysed ortho-C-H bond functionalization directed by 2-pyridinylmethylamine, which was found to efficiently promote the transformation 24 . Subsequently, 8-aminoquinoline, another N,Nbidentate directing group, was also reported by Chatani's group for the Ni-catalysed ortho-alkylation of benzamide derivatives 25 . A variety of Ni-catalysed C-H bond functionalization reactions have since been extensively explored by taking advantage of N,Nbidentate directing groups [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] .
The introduction of N,N-bidentate directing groups is a helpful means of loading the substrate and specifying the C-H bond cleavage site, and 8-aminoquinoline has been extensively used as a directing group in Ni-catalysed C-H bond functionalization. As an example, Chatani's group reported two series of Ni(II)-catalysed arylation reactions involving C-H bonds in aliphatic amides ( Fig. 1) 39, 40 . In these reactions, a strongly oxidizing diaryliodonium salt (Fig. 1a) or a relatively weakly oxidizing aryl halide (Fig. 1b) is used as an efficient aryl source. In both cases, 8-aminoquinoline acts as a bidentate directing group and coordinates in an N, N fashion to the Ni centre. In addition to the proposed mechanism, five subsequent processes are involved in the catalytic cycle of the aforementioned reactions: These include coordination of the directing group, C-H bond cleavage, oxidative addition, reductive elimination, and protonation. Although it is widely held that oxidative addition occurs immediately after C-H bond cleavage in transition-metal catalysed C-H bond functionalization reactions 41 , the order of these two steps is still not certain. In addition, the sequence of these two steps could potentially affect the mechanism of the following steps due to the change in the oxidation state of the metal.
Our group has previously reported various mechanistic studies of transition-metal-catalysed C-H bond functionalization reactions [42] [43] [44] [45] [46] [47] [48] . In most cases, C-H bond cleavage by a metal having a low oxidation state occurs before oxidative addition, but this reaction sequence can be reversed. As an example, in the case of the catalytic cycle of Rh 2 (OAc) 4 -catalysed oxidation of toluene 49 , the Rh 2 (OAc) 4 catalyst is first oxidized by Selectfluor (1-chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]octane bis(tetrafluoroborate)), followed by C-H bond cleavage with the resulting Rh(III)-Rh(III) intermediate. This unusual mechanism is due to the strong oxidizing ability of Selectfluor, which accelerates the oxidative addition step and stabilizes the high valence metallic intermediates to promote the C-H bond cleavage step. Based on these considerations, we believe that the order of C-H bond cleavage and oxidative addition is important and needs to be clarified by a mechanistic study of Ni-catalysed C-H bond functionalization reactions.
Here, we focus on the mechanism for the Ni(II)-catalysed arylation of C-H bonds in aliphatic amides with the aim of addressing some of the ambiguity associated with the reaction sequence. Although the mechanism of Ni(II)-catalysed arylation of C-H bonds in aliphatic amides has been investigated in several computational and experimental studies [50] [51] [52] , a clear understanding of the order of C-H bond cleavage and oxidative addition is still elusive, even though this knowledge is important in assessing these transformations. Therefore, in the present study, we perform density functional theory (DFT) examine differences between the mechanisms of Ni(II)-catalysed C-H bond arylation reactions with a diaryliodonium salt or with a phenyliodide as the oxidant (Fig. 1c ). An additional goal is to determine whether these reactions begin with C-H cleavage or proceed by an alternative sequence starting with oxidative addition. Most importantly, our intent is to find the factors determining the order of C-H cleavage and oxidative addition.
Results
Ni(II)-catalysed C-H bond arylation of aliphatic amides with a diaryliodonium salt. Our prior work has shown that the use of strong oxidants may change the reaction order of the C-H cleavage and oxidative addition steps in Rh-catalysed C-H bond functionalization reactions. Therefore, we first investigated the mechanism associated with the Ni(II)-catalysed C-H bond arylation of aliphatic amides, employing a diaryliodonium salt. The process using N-(quinolin-8-yl)pivalamide previously reported by Chatani's group was selected as a model reactions (Fig. 2a) . As shown in Fig. 2b , two plausible pathways were considered during our computational modelling of such reaction. Based on a prior mechanistic studies of Ni(II)-catalysed C-H bond functionalization reactions, pathway A (in blue) was first considered. Initially, cleavage of the N-H bond cleavage in aliphatic amide II with Na 2 CO 3 and Ni(II) catalyst I, which is generated from Ni(OTf) 2 In the theoretical calculations, the reaction with N-(quinolinyl) pivalamide was chosen as the model reaction (Fig. 2a) , and the calculated free energy profile for the formation of active catalytic species 6 is shown in Fig. 3 Based on previous theoretical studies 33, [53] [54] [55] , oxidative addition is generally considered to occur after C-H bond cleavage in the majority of Ni(II)-catalysed C-H bond functionalization reactions. With this in mind, we initially calculated the free energy profile for pathway A as shown in Fig. 2b , and the resulting free energy profile is presented in Fig. 4 (blue pathway). In Fig. 4 , the free energy of the anionic Ni(II) carbonate complex 6, which is generated upon the addition of Ni(OTf) 2 via N-H cleavage and counterion exchange with a carbonate ion in the presence of N-(quinolin-8-yl)pivalamide and Na 2 CO 3 , is set to a relative value of zero. In pathway A, carbonate-assisted cleavage of the C-H bond in complex 6 occurs via the concerted metalation-deprotonation (CMD)-type transition state 7-ts with a free energy of 27. The calculated free energy for this process is only 11.3 kcal mol −1 . The geometry of transition state 11-ts shows that the bond lengths of the C aryl -I and C aryl -Ni bonds being broken and formed are 2.58 and 2.54 Å, respectively, which indicates that C aryl -I bond breaking occurs as the C aryl -Ni bond forms. According to the above computational results, in pathway A, the oxidative addition step proceeds more readily than the C-H bond cleavage step. Therefore, we investigated another possible pathway starting with oxidative addition followed by C-H bond cleavage (pathway B, the black pathway in Fig. 4) . In pathway B, coordination of diaryliodonium salt 9 replaces OTf − in Ni(II) complex 6 to form neutral Ni(II) intermediate 12, and this process is exothermic by 2.8 kcal mol −1 . Oxidative addition of Ni (II) intermediate 12 then proceeds rapidly via concerted sixmembered-type transition state 13-ts with the concomitant release of MesI, This process requires an activation free energy of only 11.8 kcal mol −1 to produce the more stable aryl-Ni(IV) intermediate 14. The activation free energy associated with the oxidative addition of intermediate 12 is only 0.5 kcal mol −1 higher than the corresponding process in pathway A, indicating that oxidative addition may occur first in this reaction sequence. Following the oxidative addition step, carbonate-assisted C-H bond cleavage of intermediate 14 generates the common Ni(IV) intermediate 16 through concerted four-membered-ring transition state 15-ts. It is noteworthy that the energy barrier for C-H cleavage from Ni(IV) intermediate 14 is 15.9 kcal mol −1 , which is 11.8 kcal mol −1 lower than the corresponding process involving Ni(II) intermediate 6, indicating that C-H activation mediated by Ni in a high oxidation state (IV) is more rapid compared with that mediated by Ni(II). The difference in the energy barriers for C-H bond cleavage processes can be understood by considering the geometries of the corresponding transition states 7-ts and 15-ts. As shown in Fig. 4 , the geometry of 7-ts is square planar because the formal oxidative state of Ni is +2. Therefore, only one oxygen atom of the carbonate ion coordinates with Ni, and the calculated Ni-O distances were calculated as 2.71 and 1.84 Å. The two formal-negative charges of the carbonate moiety are only partially stabilized by the Ni atom, resulting in a high-relative free energy. In the other case, the calculated geometry of transition state 15-ts is octahedral because the formal oxidative state of Ni is +4. Therefore, both of the oxygen atoms of the carbonate ion coordinate with the Ni centre. The Ni-O1 and Ni-O2 bond distances are 2.12 and 1.88 Å, respectively, confirming a strong interaction between the carbonate ion and Ni. Therefore, the energy barrier for C-H cleavage is lower.
The effect of the oxidation state of Ni can be elucidated by frontier molecular orbital (FMO) analysis of reaction intermediates 6 and 14. The FMOs of intermediate 14 are shown in Fig. 5a . The calculated geometry for intermediate 14 is square pyramidal, which suggests that the Ni centre has a vacancy because of its +4 oxidation state. Therefore, the lowest unoccupied molecular orbital (LUMO) of intermediate 14 is a 3d orbital of the Ni atom. Interestingly, a 3d orbital character is clearly present in the calculated LUMO. Part of the σ-bond orbital component of the reacting C-H bond also appears in the LUMO of intermediate 14, demonstrating that there is a d Ni -σ C-H interaction in this species. The contributions of the orbital interactions were examined by generating the qualitative schematic FMO diagrams is shown in Fig. 5c, d . In the C-H activation mode, the occupied σ C-H orbital would be expected to interact with an unoccupied Ni d orbital of Ni to activate the corresponding C-H bond. The antibonding orbital of this interaction is evidently the LUMO of intermediate 14, showing a significant d Ni -σ C-H interaction. In this manner, the C-H bond in intermediate 14 is activated, thus lowering activation energy associated with C-H bond cleavage via transition state 15. These results confirm that the d Ni -σ C-H orbitals overlap, which would generate the C-Ni bond, is the driving force of the C-H activation step. This C-H bond cleavage proceeds via a base-assisted internal electrophilic-type substitution (BIES) process in the presence of high oxidation state Ni(IV) centre 56, 57 . Figure 3b presents the FMOs of intermediate 6, which is square planar and contains fully coordinated 16e − Ni(II). On this basis, it is apparent that the C-H bond cleavage step is promoted by the high-oxidation state metal centre generated during the oxidative addition. The results in Fig. 4 show that pathway B is the preferred mechanism, and proceeds through ligand exchange with the substrate, oxidative addition by the diaryliodonium salt, and a BIES type C-H bond cleavage to give the Ni(IV) metallacycle complex 16. These same computations were performed using a number of different substituted aliphatic amides and diaryliodonium salt oxidants (see Supplementary  Fig. 5 for details) . The results show that the order of the oxidative addition and C-H bond cleavage steps in each of these reactions is the same as in the model reaction described herein. These results provide further support for the mechanisms proposed for Ni(II)-catalysed C-H bond arylation with a diaryliodonium salt. Ligand exchange rapidly occurs via transition state 23-ts to form quinolone-coordinated aminonickel 5, which promotes another catalytic cycle. The computational results indicate that the proton exchange step is the ratelimiting step of the overall catalytic cycle. We also considered a quinolone-directed proton exchange process via transition state 25-ts, but the relative free energy of this transition state was found to be much higher than that of 20-ts.
According to the above computational results, a reasonable reaction pathway for the Ni(II)-catalysed C-H bond arylation of an aliphatic amides with a diaryliodonium salt can be proposed. In this mechanism, the coordination and deprotonation-amination of N-(quinolinyl)pivalamide 2 with Ni(CO 3 ) followed by counterion exchange with the carbonate ion generates aminonickel intermediate 6, which is the active catalyst in the catalytic cycle. Oxidative addition with diaryliodonium salt 9 generates aryl-Ni(IV) species 14, which undergoes BIES type C-H bond cleavage to form alkylaryl-Ni(IV) species 16. Reductive elimination then forms the new C aryl -C alkyl bond. Active catalyst 6 can be regenerated by proton exchange with release of arylation product 21, which is considered to be the rate-determining step of the entire catalytic cycle. The computational results demonstrate that oxidative addition with a diaryliodonium salt occurs before C-H bond cleavage in this particular reaction, which is different from previous mechanisms proposed for this reaction based on experimental data. These theoretical calculations also show that, compared with Ni(II), C-H cleavage mediated by Ni(IV) is much easier, while the FMO analysis confirms that this step involves a BIES mechanism.
Mechanistic study of Ni(II)-catalysed C-H bond arylation with a phenyliodide. The mechanistic study of arylation with a diaryliodonium salt described in the preceding section indicate that the use of a strongly oxidizing diaryliodonium salt as the aryl source can rapidly generates a Ni(IV) species, followed by carbonate-assisted C-H bond cleavage. Based on these results, we decided to examine the reaction pathway in the case that a relatively weak oxidizing aryl source was employed in place of the diaryliodonium salt in Ni-catalysed C-H bond arylation. Thus, we performed additional calculations focusing on the mechanism of the Ni(II)-catalysed C-H bond arylation of an aliphatic amides with a phenyliodide (Fig. 7) . Based on experimental observations, the added Ni(OTf) 2 and Na 2 CO 3 react to form Ni(CO 3 ), which is considered to act as the pre-catalyst in this reaction. Catalyst loading process also occurs through coordination of N-(quinolinyl)pivalamide 2 followed by carbonate-assisted N-H bond cleavage and counterion exchange with the carbonate ion to form active catalytic species 6. As shown in Fig. 8 , the calculated activation free energy of the N-H bond cleavage step using DMF as the solvent is 23.1 kcal mol −1 solvent, which is close to that in dioxane solvent (Supplementary Fig. 2 ). DFT calculations were performed to investigate the transformation of intermediate 6 during the Ni(II)-catalysed arylation of C-H bonds in aliphatic amides with a phenyliodide. The preceding study of the corresponding reaction with a diaryliodonium salt suggested that the oxidative addition step with a phenyliodide may occur prior to C-H bond cleavage in this case. Therefore, oxidative addition of the phenyliodide followed by carbonate-assisted C-H bond cleavage was initially considered to determine the manner in which Ni(IV) intermediate 16 was generated. As shown in Fig. 9 , the oxidative addition of intermediate 6 with phenyliodide 7a goes through transition state 8a-ts to form aryl-Ni(IV) complex 9a, with an activation free energy of 41.3 kcal mol −1 . The geometry of intermediate 9a is octahedral, and so an iodide anion dissociates to form squarepyramidal intermediate 10a before C-H cleavage. Carbonateassisted C-H bond cleavage then occurs via concerted metallation-deprotonation (CMD)-type transition state 11a-ts. The overall activation free energy for this step is 46.0 kcal mol −1 , and so this pathway can be ruled out because of the high activation free energy.
We also considered the reaction pathway for carbonate-assisted C-H bond cleavage followed by oxidative addition. From intermediate 6, carbonate-assisted C-H cleavage occurs via CMD-type transition state 7-ts with a free energy barrier of only 24.4 kcal mol −1 to form alkyl-Ni(II) species 8. The relative free energy of 8 is only 5.0 kcal mol −1 higher than that of intermediate 6. Oxidative addition of 7a to 8 then occurs via three-memberedring-type transition state 12a-ts with a free energy barrier of 26.1 kcal mol −1 . The computational results show that oxidative addition of phenyliodide 7a is the rate-determining step for the whole-catalytic cycle. The overall activation free energy of this step is 31.1 kcal mol −1 , which is coincident with the experimental temperature (140°C).
DFT calculations demonstrated that the use of phenyliodide as the oxidant in Ni-catalysed arylation, results in a pathway similar to that shown in blue pathway in Fig. 2b . This catalytic cycle starts from amino-Ni(II) species 6 and carbonate-assisted C-H bond cleavage followed by oxidative addition with the phenyliodide gives aryl-alkyl-Ni(IV) intermediate 16. Rapid reductive elimination and counterion exchange then regenerate active catalyst 6 (the computational details concerning the regeneration of 6 are summarized in Supplementary Fig. 1 ). The transformations of a number of differently substituted aliphatic amides and phenyliodide oxidants were also examined (see Supplementary  Fig. 6 for details) . These results provide further support for the mechanisms proposed for Ni(II)-catalysed C-H bomjknd arylation with a phenyliodide derivative.
Important factors affecting oxidative addition with different arene sources. According to the above calculations, in a mechanism involving formation of active catalyst 6, the order of the subsequent oxidative addition and C-H bond cleavage can be reversed by using different oxidants. Employing a strongly oxidizing diaryliodonium salt as the oxidant is favourable for oxidative addition followed by carbonate-assisted C-H bond cleavage. In contrast, using a relatively weakly oxidizing aryliodine as the oxidant results in carbonate-assisted C-H bond cleavage followed by oxidative addition.
Based on the mechanism studies, we wondered what factors of the oxidant are important in Ni(II)-catalysed C-H arylation reactions. Thus, we performed a further study of the FMOs of the is an antibonding orbital aligned along the C aryl -I bond (7a-LUMO). When phenyliodide 7a is used as the oxidant, the energy of 7a-LUMO is −1.14 eV, which is 1.90 and 0.92 eV higher in energy than 6-HOMO-1 and 8-HOMO, respectively. Owing to the higher orbital energy of 8-HOMO, alkyl-Ni intermediate 8 will more readily donate an electron pair to the phenyliodide 7a oxidant than Ni carbonate intermediate 6.
Therefore, in this case, carbonate-assisted C-H bond cleavage would be expected to before oxidative addition. In contrast, when cationic diaryliodonium 9′ is used as the oxidant, the energy of the C aryl -I antibonding orbital is only −5.62 eV, which is much lower in energy than 6-HOMO-1 and 8-HOMO. Thus, both the latter two orbitals can easily donate an electron pair to diaryliodonium 9′, indicating that the two oxidative addition steps will rapidly proceed in this case. Furthermore, owing to the higher activation free energy associated with C-H bond cleavage in intermediate 6, oxidative addition will take place prior to carbonate-assisted C-H bond cleavage in this case (Supplementary Fig. 4 ).
Discussion
DFT calculations with the M11-L functional were performed to determine the mechanisms for the Ni(II)-catalysed C-H arylation of aliphatic amides with either a diaryliodonium salt or a phenyliodide. Interestingly, the reaction pathways were found to be controlled by the molecular orbital level of the oxidant. A common aminonickel intermediate, formed via the coordination and deprotonation-amination of N-(quinolinyl)pivalamide with Ni (CO 3 ) followed by counterion exchange with the carbonate ion, is the active catalyst in the catalytic cycle. However, the subsequent arylation step of this aminonickel intermediate proceeds differently depending on whether a strongly oxidizing diaryliodonium salt or a weakly oxidizing phenyliodide is used. A diaryliodonium salt results in oxidative addition to the active catalyst occurring first, which promotes the subsequent BIES-type C-H bond cleavage step to give an alkyl-aryl-Ni(IV) species. Following this, reductive elimination from the Ni(IV) species forms the new C aryl -C alkyl bond. Finally, the active catalyst is regenerated by proton exchange with release of the arylation product. The ratedetermining step for this pathway is the proton exchange, and the overall activation free energy is 28.8 kcal mol −1 . In contrast, the presence of a relatively weak phenyliodide oxidant leads to the reversed reaction sequence: CMD type C-H bond cleavage followed by oxidative addition to give the alkyl-aryl-Ni(IV) species. FMO analysis was employed to study the mechanism associated with the C-H cleavage and oxidative addition. C-H cleavage of the Ni(IV) intermediate was found to proceed via a BIES mechanism, in which the d Ni -σ C-H orbital overlap leads to the generation of a C-Ni bond; while a CMD mechanism is more favourable in the case of a Ni(II) intermediate. The order of the of oxidative addition and carbonate-assisted C-H bond cleavage steps in Ni(II)-catalysed C-H arylation reactions is thus determined by the C aryl -I antibonding orbital level of the oxidant. Owing to the lower energy of the C aryl -I antibonding orbital in a diaryliodonium salt, the oxidative addition step occurs first. Conversely, the relatively high C aryl -I bond antibonding orbital energy of the phenyliodide leads to selective oxidative addition after carbonate-assisted C-H bond cleavage. We believe that this study provides a practical theoretical guide for determining the most important aspects of the oxidant in Ni(II)-catalysed C-H arylation reactions.
Methods
Computational details. All of the DFT calculations were performed with the Gaussian 09 series of programs 58 . The geometries of the different structures were optimized with the B3-LYP functional 59, 60 and standard 6-31+G(d) basis set (SDD basis set for Ni and I atoms). Harmonic vibrational frequency calculations were performed for all stationary points to determine whether these were local minima or transition state structures and to derive the thermochemical corrections for the enthalpies and free energies. The M11-L functional [61] [62] [63] [64] with the 6-311+G (d) basis set (SDD basis set for Ni and I atoms) was used to calculate the singlepoint energies and provide highly accurate energy information [65] [66] [67] [68] . For the singlepoint energy calculations, the solvent effect was taken into account by single-point calculations based on the gas-phase stationary points with the SMD 69,70 continuum solvation model. Unless otherwise noted, the experimental solvents used in Figs. 2, 7 were dioxane and N,N-dimethylformamide (DMF), respectively. All of the three-dimensional molecular diagrams of the molecules were generated with CYLView. The ΔG M11-L/solvent values used in the free energy profiles were obtained by eqn 1, in which ΔG correction/gas is the thermochemical corrections for the gas phas Gibbs free energy calculated at the B3-LYP/6-31+G(d) level in gas phase, and ΔE M11-L/solvent is the single-point energy calculated at the M11-L/6-311+G(d) level in the solvent phase based on the gas phase stationary point.
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